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The charged nature of a cellulosic fiber surface is expected to play major 
roles in such phenomena as fiber dispersion, flocculation, adhesion, and 
adsorption of polyelectrolytes.  This review focuses on the evaluation of 
such charges by means of electrokinetic measurements, with emphasis 
on the fiber-pad streaming potential technique.  Results of recent 
experiments suggest that a continuous network or networks of pores 
below the outer surface of a kraft fiber can significantly contribute to 
observed streaming potential data.  At present it is not clear whether the 
main subsurface contributions to the observed electrokinetic effects 
come from fibrillar layers on the fiber surfaces or from systems of 
nanopores within the cell walls of fibers.  Based on the literature it is 
possible to suggest two conceptual models to account for the fact that 
the streaming potential of polymer-treated fibers can change in sign, 
dependent on the concentration of salt.  Additional research is needed to 
clarify various theoretical and practical points.  There may be 
opportunities to make more effective use of streaming potential tests in 
the future by carrying out such tests at reduced salt levels. 
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THE CHARGED NATURE OF CELLULOSIC FIBERS 
 
Why Study the Electrokinetics of Fibers? 
  Electrical charges on surfaces can play a dominant role in the interactions of 
lignocellulosic materials (Davison and Cates 1975; Lindström 1996).  This review 
focuses on sensing and quantifying effects of such charges by means of electrokinetic 
tests.  The word “electrokinetics” implies that an electrical current or potential arises due 
to relative movement between two phases, as in the case of cellulosic fibers or fines 
suspended in water.  From a practical standpoint, papermakers have used a variety of 
electrokinetic procedures to control and optimize the levels of additives (Hubbe 2000).  
Electrokinetic data can help to predict the dosages of highly charged materials that are 
needed to achieve different balances of stability vs. coagulation of suspensions (Verwey 
and Overbeek 1948; Hunter 1987; Lindström 1996), adsorption of strength-promoting 
additives (Strazdins 1980; Brouwer 1991; Spence et al. 1997; Thiele and Kopp 1997), 
retention of fine materials (Lindström et al. 1974; Tanaka 1984; Kumar 1991; Beck 
1998), and maximum rates of water release during paper’s formation (McKague et al. 
1974; Davison and Cates 1975; Horn and Melzer 1975).  In addition, the creping  
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performance of tissue (Stitt 1998) and the performance of hydrophobic sizing agents 
(Poppel 1992) tend to be highly correlated with electrokinetic potential data. 
In addition to the practical benefits, electrokinetic data have the potential to shed 
new light on the fundamental nature of cellulosic surfaces.  After an overview of the most 
widely used electrokinetic test methods for samples of papermaking interest, this review 
will consider what the test data may be trying to tell us about the topography and 
nanoporosity of fibers.   
Likely benefits of future work related to cellulose fiber charge may involve new 
composite technology, scaffolds for biological cell growth, membranes, and high-tech 
applications of paper.  It makes sense that as our understanding of the ionic and 
morphological nature of fibers becomes clearer, we will be in a better position to pursue 
new technological approaches.  At the same time it is important to bear in mind certain 
limitations of electrokinetic methods, making it necessary to combine a variety of 
analytical approaches to interpret what the data are trying to tell us about fiber surfaces.  
   
Factors Affecting Electrokinetic Potential of Cellulosic Fibers 
  Chemical composition is perhaps the best place to begin in order to understand 
the charged nature of lignocellulosic surfaces exposed to aqueous solution.  Previous 
studies, based on potentiometric, conductometric, and polyelectrolyte titrations, have 
done much to quantify the charge contributions of carboxylic acid groups and other 
functional groups that are accessible to different kinds of probe molecules (Lloyd and 
Horn 1993; Räsänen et al. 2001; Lindgren et al. 2002; Fardim and Holmbom 2005).  For 
example, the kraft pulping and bleaching of wood fibers tends to decrease the relative 
amounts of extractives and lignin-related chemicals, thereby decreasing the negative 
character of the remaining solid material (Goulet and Stratton 1990; Lloyd and Horne 
1993).  Despite the fact that bleaching agents such as oxygen, ozone, and chlorine 
dioxide tend to convert various lignin moieties to carboxylic acids, much of this material 
tends to be solubilized and washed free of the pulp during subsequent alkaline extraction 
and washing operations (Goulet and Stratton 1990; Laine and Stenius 1997; Laine 1997). 
  Further changes in the observable charged nature of pulp fibers occur during 
mechanical processing.  Papermakers often use the words “opening up” to describe what 
happens to fibers during refining, a process in which fiber suspensions are passed 
between grooved plates or conical surfaces, one of which is rotating.  The repeated 
compression and shearing effects of the “bars” on the refiner plates cause cellulosic fibers 
to become internally delaminated, and the surfaces become fibrillated (Baker 1995).   
Though the area that is accessible to high-mass probes, such as cationic polyelectrolytes, 
tends to be increased by refining (Strazdins 1972), the zeta potential sometimes becomes 
less negative (Jacquelin and Bourlas 1964).  The latter effect is due to the lesser 
proportions of lignin and extractives in the inner parts of the fiber cell wall (e.g. S2 sub-
layer), as compared to the outer (P and S1) layers.  At the same time, the increased 
effective surface area of the fibers means that a greater amount of cationic polymer needs 
to be added in order to achieve a neutral electrokinetic potential (Strazdins 1972; Davison 
and Cates 1975). 
  The drying of fibers can have effects that are almost the opposite of refining, in 
many respects.  A high proportion of pores in the cell walls tend to close when kraft  
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fibers are dried, and many of these pores remain closed if the fibers are subsequently 
rewetted (Stone and Scallan 1966).  The once-dried fibers have a reduced ability to 
adsorb cationic polymers, compared to never-dried fibers of the same origin (Gruber et 
al. 1996). 
  The effects of solution pH on fiber charge and electrokinetic potential are 
complex.  Not only does pH affect the dissociation of various different types of 
carboxylic acid (and other) groups within cellulosic fibers (Lloyd and Horne 1993; 
Herrington and Petzold 1992; Bygrave and Englezos 1998), but also there can be 
substantial changes in swelling, i.e., the relative amount of water held within the 
nanopores of the cell wall (Grignon and Scallan 1980; Scallan 1983; Lindström 1992).  
The latter effect would be expected to change the accessible surface area, depending on 
the size of the soluble ionic species used to evaluate the charged nature of the substrate. 
  Though it has been widely understood that increases in the concentrations of salts 
such as NaCl and Na2SO4 generally ought to decrease fiber swelling (Lindström 1992), as 
well as the overall importance of electrical charge interactions at fiber surfaces (Hunter 
1987; van de Steeg et al. 1992), recent studies suggest that more attention needs to be 
paid to these issues.  For instance, Fält and Wågberg (2003) observed that the amount of 
water held within fibers went through a maximum with respect to sodium sulfite 
concentration at approximately 0.05M.  This observation will be considered in more 
detail later in this article, since it provides some evidence regarding the nature of 
cellulosic surfaces.  Various studies have shown that the amount of cationic polymer 
required to titrate cellulosic fiber suspensions to neutral charge tends to increase 
moderately with increasing salt.  Test methods used in such analyses are discussed in the 
next section. 
  Some electrolytes have been found to affect the charged nature of cellulosic fibers 
to a much greater degree than others.  Such differences have been attributed to the 
relative abilities of ions to form complexes with ionic groups at the cellulose surface 
(Grignon and Scallan 1980; Scallan 1983; Fält and Wågberg 2003) or to adsorb 
specifically within the condensed part of the layer of counter-ions (Hiemenz and 
Rajagopalan 1997).  Such interactions have been found to follow a lyotropic series 
(Eagland and Allen 1977).  Räsänen and Stenius (1997) concluded, however, that 
whereas protons interact specifically with fiber surfaces, the other ions are governed by a 
non-specific Donnan equilibrium. 
  Multivalent cations tend to have a much more dominant effect of fiber surface 
charges, compared to low-valence ions (Lindström and Söremark 1975).  Polyelectrolytes 
often display high-affinity adsorption behavior on cellulosic fibers (Balodis 1967; Gruber 
et al. 1996), leading to dramatic changes in electrokinetic behavior. 
   
  
ELECTROKINETIC TESTS FOR PAPERMAKING APPLICATIONS 
  
  Over the years a variety of electrokinetic methods have been developed, and 
many of them have been applied to the study of lignocellulosic materials.  A common 
feature of such tests is some kind of movement of liquid relative to the solid surfaces 
(Sennett and Olivier 1965; Hunter 1981; Hidalgo-Alverez 1991; Müller 1996; Hiemenz  
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and Rajagopalan 1997).  The relative motion causes a flow of counter-ions adjacent to the 
surface, resulting in an electrical potential or a current.  The structure of electrical double 
layers,  i.e. the distribution of ions versus distance relative to charged surfaces, is 
described in well known textbooks (Verwey and Overbeek 1948; Hunter 1987; Hiemenz 
and Rajagopalan 1997).   
In the following sections the most important techniques for measuring 
electrokinetic properties of fiber suspensions are presented, this includes micro-
electrophoresis, streaming current and streaming potential.  The roles of external and 
internal surfaces are discussed in the context of recent streaming potential measurements. 
 
Micro-electrophoresis (ME)   
  Of the various electrokinetic tests that have been applied to suspensions of 
cellulosic materials, microelectrophoresis (ME) probably has the best-established 
theoretical foundation (O’Brien and White 1978; Hunter 1981; Hidalgo-Alverez 1991; 
Farley 1992; Strazdins 1995).  Briefly stated, one applies an electric field to a suspension 
of very small particles and evaluates the resulting velocity of particle motion.  The 
experiment is typically carried out in a capillary tube or rectangular channel, using a 
strategy that helps to maintain laminar flow conditions.   
Though many papermakers have used micro-electrophoresis methods, especially 
during the 1970s (Strazdins 1972; Melzer 1972; McKague et al. 1974; Davison and Cates 
1975; Lindström and Söremark 1975), the method has developed a reputation as (a) being 
tedious, and (b) not always providing useful information.  An inherent consequence of 
doing tests within a capillary cell is that an applied electric field will act upon counter-
ions adjacent to the capillary walls, inducing electro-osmotic flow of the electrolyte 
solution.  As long as the flow in the cell remains laminar, it is relatively straightforward 
to calculate the positions in the cell (“stationary levels”) at which the net flow due to 
electro-osmosis equals zero.  The adjective “tedious” probably arose due to the difficulty 
of viewing tiny points of lights (the particles) through a microscope.  In addition, 
erroneous results can be expected if the operator fails to properly calibrate the focal 
plane.  Settling of particulate debris within capillary cells (Tanaka 1984), affecting the 
calibration, has been a further source of frustration.  Pelton et al. (1993) came up with a 
more robust procedure, measuring particle velocities at various points across the width of 
a capillary cell, and eliminating the need to separately determine the stationary levels. 
Another possible criticism of the ME method, with respect to evaluation of 
cellulosic materials, is the fact that cellulosic fibers are much too large to fit into the 
types of capillary cells that are typically used.  Rather, the common procedure involves 
filtering a suspension of papermaking stock with a coarse screen and placing the filtrate 
in the test device.  Strazdins (1972) asserted that the zeta potential of fine materials tends 
to be representative of all of the surfaces within such a suspension.  Data presented by 
Jaycock and Pearson (1976) is often cited in support of this statement; in the cited study 
the results of streaming potential tests of fibers agreed closely with micro-electrophoretic 
test results for fines.  The cited study also demonstrated a mechanism whereby colloidal 
materials originating from the cellulosic pulp adsorbed onto various mineral surfaces, 
causing the respective zeta potentials to become closer to that of the cellulosic material. 
At the limits of short mixing times, and when using highly charged chemical additives,  
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there are many examples in which surfaces of differing zeta potential have been found to 
coexist (Strazdins 1972; Sanders 1994; Wang and Hubbe 2001; Leiviskä et al. 2005).  
Possible sources of zeta potential difference among fine particles and fibers include 
differing content of extractives, hemicellulose, etc. (Rundlöf et al. 2000; Fardim and 
Holmbom 2005), differing affinities for potential adsorbates (Marton 1980), and different 
rates at which the suspended matter becomes saturated with a given adsorbate.  While it 
is sometimes said that adsorption of materials onto fines is “more rapid,” compared to 
adsorption onto larger fibers (Lindström and Söremark 1976), Strazdins (1994) is 
probably correct in stating that rates of arrival of adsorbate at various surfaces are almost 
independent of the size of a given particle or fiber.  Rather, it appears that the fibers, 
being porous and covered by fibrils, can act like a sort of sponge, taking up greater 
quantities of adsorbate per unit of external area.  This “sponge model” of the cellulosic 
surface will be considered in greater detail later in this review. 
 
Streaming Current (SC)   
  Streaming current (SC) test methods have received considerably less theoretical 
analysis (Gerdes 1966; Cardwell 1966; Kenaga et al. 1967; Dentel and Kingery 1989; 
Ojala 1993; Walker et al. 1996; Phipps 1999), compared to the micro-electrophoresis 
methods discussed in the previous section.  Nevertheless, the simple operation and robust 
nature of the equipment has led to the widespread use of SC methods both in the 
laboratory and online for the evaluation of aqueous samples from paper machines.  The 
most commonly used SC devices employ a plastic piston, which reciprocates within a 
dead-ended plastic cylinder.  The reciprocal motion, having a frequency of about 4 Hz, 
causes a rapid movement of aqueous solution back and forth within the annular space.  
Electrode probes located at two points along the axis of the cylinder sense the electrical 
consequence of counter-ions, adjacent to the plastic walls, becoming moved back and 
forth by the liquid flow.  A review of the SC method has appeared recently (Hubbe and 
Chen 2004). 
  The word “indirect” is perhaps the best adjective to describe how SC tests can be 
applied to the evaluation of lignocellulosic materials in suspension.  SC methods have 
achieved great practical success as a means of detecting endpoints of polyelectrolyte 
titrations (Bley 1992; Kaunonen and Springer 1988; Hubbe and Chen 2004).  In other 
words, one relies upon the assumption that whatever sign of polyelectrolyte is in excess 
in the aqueous phase of the sample will tend to dominate the charge at the plastic 
surfaces.  The titration method is easily automated, and online SC titration systems have 
been installed on many paper machines (Kaunonen 1989; Bley and Kästner 1992; Bley 
and Bischof 1994; Baumgartner and Bley 1994; Gratton and Pruszynski 1995; Veal 1997; 
Denbrok and Peacock 1999; Berger et al. 2002).  In many applications the test results are 
used to control the addition rate of a highly charged cationic polymer, keeping the 
cationic demand at a more constant level.  The benefits of online charge control can 
include reduced overall costs of retention chemicals, more rapid dewatering, more 
efficient use of sizing agents, and reduced variability of paper properties.   
Though it is hard to deny the practical utility and mechanical reliability of SC test 
methods, when used in paper mills, caution is required with respect to using SC 
procedures to gain information about what is happening at cellulosic surfaces.  As noted  
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by Jaycock (1995), it is difficult to be sure whether or not the plastic surfaces of the 
device have become completely covered by colloidal materials from the sample, as is 
required for the analysis to be valid.  This issue is especially problematic in the case of 
samples that contain mainly hydrophilic polyelectrolytes. SC devices are often 
constructed of poly-tetrafluoroethylene (PTFE), a polymer that has a reputation for not 
sticking to anything.  Certain combinations of low-charge, hydrophilic polyelectrolytes 
and moderate to high salt levels can cause highly misleading results of SC titrations or 
make it impossible to make the SC device reach a zero signal (Chen et al. 2001).  Further 
deviations, relative to an assumed 1:1 stoichiometry of titration, have been attributed to 
the existence of charge-stabilized polyelectrolyte complexes (Chen et al. 2003).  
  Though the test surfaces of SC devices are plastic, rather than cellulosic, it is still 
possible to use SC titrations as a means of studying adsorption phenomena onto fibers 
(Cardwell 1966; Kenaga et al. 1967; Sezaki et al. 2006).  Cardwell (1966) was the first to 
employ SC titrations in this manner, adding an excess of polyelectrolyte to a fiber slurry, 
then back-titrating aliquots of filtrate, to find the concentration of the initial 
polyelectrolyte remaining in the solution phase.  Sezaki et al. (2006) extended this 
approach to cases involving polyampholytes, polymers containing both positive and 
negative dissociable groups.  By adjusting the pH of the filtrate to either high or low pH it 
was possible to convert either the positive or negative groups to a neutral form and to 
titrate the polyampholyte as if it were a simple polyelectrolyte. 
  
Streaming Potential (SP)   
  Quinke (1859) is credited with the earliest observation that an electrical potential 
results when liquid is passed though a porous plug or mat.  Three wood fiber species 
were included among his samples.  Helmholtz (1879) derived an expression showing that 
the voltage differences observed in such tests were more or less independent of the 
length, size, and form of the packed material through which the liquid was forced at a 
specific pressure, given a prescribed composition of electrolyte (Li and de Bruyn 1966).  
Thus, 
 
  ζ  =  4 π η Ω E / ( ε P  ) ,         ( 1 )  
 
where ζ is the zeta potential (usually expressed in millivolts), η is the viscosity of the 
solution, Ω is the electrical conductivity, E is the measured change in electrical potential 
resulting from the application of pressure, ε is the dielectric constant of the solution, and 
P is the differential pressure applied across the sample.  In his derivation, Helmholtz 
made two simplifying assumptions, as follows:   
•  The electrical double layers are thin relative to the dimensions of the passages 
through the porous material; and 
•  The solid materials and the surface of those materials are non-conductive under 
the conditions of testing. 
As will become clearer in later parts of this review, neither of these assumptions is 
strictly true with respect to cellulosic fibers.  A mat of wet cellulosic fibers has at least 
two classes of pore sizes – and probably three – as will be described in a later section.  
Since the pore sizes associated with a wet fiber mat can range from below 1 nm up to  
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almost 1 mm, the first assumption is likely to be violated, especially at the limit of low 
salt concentration.  Wet, cellulosic fibers are known to be conductive (Briggs 1928; 
Scallan 1989; van de Ven 1999), in violation of Helmholtz’s second assumption, though 
the effects of fiber conductance are often ignored when the bulk electrolyte concentration 
is higher than about 5 mM (Goring and Mason 1950a; van Wagenen and Andrade 1980; 
Hunter 1987).  The following form of the Helmholtz-Smoluchowski equation is often 
employed in order to account for fiber conductivity (Van Wagenen and Andrade 1976), 
 
  ζ =  4 π η (ΩB + 2ΩS/a) E / ( ε P  ),       (2) 
 
where ΩB is the bulk solution conductance, ΩS is the surface conductance, and a is the 
radius of a pore, treated as being a cylinder. Equations (1) and (2) can be applied not 
only to packed beds of fibers, but also to capillary cells having various configurations 
(Anderson and Koh 1979; Schurz et al. 1989; Scales et al. 1992; Barron et al. 1994).  In 
the case of a pad of fibers, it is often most practical to measure the electrical conductance 
through the pad, and then to use this value to determine a correction term equivalent to 
2ΩS/a in Eq. (2). 
As mentioned above, streaming potential tests have a very long history when 
applied to lignocellulosic materials (Quinke 1859).  Briggs (1928) was apparently the 
first to apply the method in the case of pulp fibers intended to be used in paper 
production.  Interestingly, Briggs was also the first to notice an issue that has concerned 
many subsequent investigators; that is, the ratio of potential drop to pressure drop across 
the fiber pad was not constant.  Rather, the ratio depended on the applied pressure (see 
also Ball and Fuerstenau 1973).  Briggs concluded, with considerable foresight, that the 
effect might involve the conductive nature of fiber surfaces.  Remarkably, Briggs also 
observed that the streaming potential of fibers became increasingly negative with the 
addition of small amounts of KCl, up to a concentration of 0.1 M.  Both of these 
observations will be considered in more detail later in this review, since they provide 
clues to the nature of cellulosic fiber surfaces. 
  Despite the long and distinguished history of streaming potential analyses, 
papermakers have not adopted such tests to nearly as great an extent that they earlier 
adopted microelectrophoresis measurements, and more recently have come to rely on 
streaming current tests.  At face value, this circumstance seems odd.  After all, fiber-pad 
streaming potential tests are direct, sensing electrokinetic events occurring directly on the 
fiber surfaces under study (Hubbe and Wang 2004).  No visual observations are required.  
It is not necessary to assume that the electrokinetic nature of the fiber surfaces is the same 
as that of the fines.  Furthermore, it is not necessary to wait for the system to equilibrate 
with a second surface, such as plastic, in order to interpret the results.  It will be argued, 
later in this review, that the relative unpopularity of the fiber-pad streaming potential 
method may stem from a well-founded, but misplaced reluctance on the part of 
papermakers to carry out any experiments with distilled water. 
Online applications of streaming potential tests can involve even greater 
challenges.  As noted by Winters (1998), online fiber-pad streaming potential tests can 
suffer from air bubbles, plugging of the screens, and build-up of material on the electrode 
probes.  An extensive system of rinsing may be required in order to prevent fouling of the  
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wetted parts of the device, especially if it is to be used continuously in a titration mode 
(Hubbe 1999). 
  It has long been recognized that subtle differences may exist between the 
environments of the two electrode probes that are used to evaluate the potential 
difference across a porous mat (Korpi and de Bruyn 1972; Ball and Fuerstenau 1973).  To 
overcome this problem, some researchers have insisted upon using symmetrical devices 
in which the flow of liquid could be passed in either direction through a plug of porous 
material constrained between a pair of porous barriers (Fuerstenau 1956; Hoffman 1975; 
Jain et al. 1993).  But such procedures require that a porous plug be individually prepared 
before each test.  For practical use in evaluation of fibrous slurry samples, it is generally 
preferred to use flow of liquid to gather a plug or mat adjacent to a single screen, through 
which filtrate is pushed or drawn (Penniman 1991, 1992, 1994; Hand et al. 1993; Thiele 
and Kopp 1997; Wang and Hubbe 2001).  Differences in the condition of the two 
electrode probes are dealt with, in such cases, by measuring a reference voltage in the 
absence of flow through the porous sample (Ball and Fuerstenau 1973; Penniman 1991; 
Wang and Hubbe 2001).  The single-screen design for measuring streaming potential 
lends itself well to automated, online operation (Sack 1976; Evans et al. 1985; Ericksson 
1987; Richter et al. 1989; Crill 1991; Sack et al. 1993; Rohloff and Höschle 1993; Nazir 
1994; Penniman 1994; Miyanishi 1995a,b; Padovani and Colasurdo 1995; Petzold and 
Allen 1996; Hubbe 1999). 
  Despite the length of the above list of publications and patents pertaining to 
online use of streaming potential for paper machine slurry samples, the fact remains that 
usage of such devices is much less common in comparison to, for instance, streaming 
current (SC) methods, both online and in the lab.  Paper machine systems employing 
online streaming potential measurements are the exception, rather than the rule (Crill 
1991; Sack et al. 1993; Miyanishi and Shigeru 1997; Hubbe 1999; Miyanishi 1999).  
While practical issues, such as deposits and bubbles, may help explain why the method is 
not used more widely, the question arises as to whether or not papermakers have been 
satisfied that they have achieved meaningful correlations of the measurements with paper 
machine operating variables. 
 
Other Tests   
  Although the test methods mentioned in the above three subsections are perhaps 
the best known, they don’t exhaust the possible ways in which investigators have probed 
the electrokinetic nature of lignocellulosic surfaces.  For example, one can characterize 
zeta potentials of suspended matter by either applying an alternating electrical field and 
sensing the intensity and phase of the resulting ultrasound (Springer and Taggart 1986) 
or, conversely, by applying an inaudible sound and detecting the resulting electrical 
fluctuations (Marlow et al. 1988).  Both of these approaches work best when considering 
particles which have a compact shape and a large difference in density, relative to the 
suspending medium.  Unfortunately, cellulosic fibers do not fulfill either of these 
requirements very well.   
  Two kinds of dye adsorption methods for fiber charge characterization deserve 
mention.  Tanaka et al. (2000) developed an innovative method involving a strongly 
colored form of high-charge cationic polyelectrolyte.  Measurements of the strength of  
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coloration of filtrate solution, after mixing a known amount of polymer with a sample of 
interest, were used to calculate the adsorbed amounts, assuming an approximate 1:1 
interaction of the polymer with accessible charged groups.  Another straightforward 
strategy employs a basic dye such as methylene blue to quantify the accessible bound 
anionic groups in a mixture (Fardim and Holmbom 2003).  Such dye molecules can be 
expected to interact with sites that are inaccessible to polyelectrolytes, depending on the 
molecular mass of the latter.  Recently, a fluorescent dye has been used in order to 
quantify acidic groups at the surfaces of single fibers (Matthews et al. 2004). 
  A second dye-related method became quite popular, for a while, among 
papermakers seeking an alternative to microelectrophoresis tests (St. John and Gallagher 
1992).  Terayama (1952) observed that dyes such as toluidine blue-O changed their color 
when in the presence of an excess of strongly charged anionic polyelectrolyte, such as 
polyvinylsulfate.  The primary use of the method, as originally conceived, has been to 
determine the endpoint of titrations involving polyelectrolytes.  As in the case of SC tests, 
as described earlier, one can evaluate the amounts of polyelectrolyte adsorbing onto 
cellulosic fibers, based on evaluation of the concentration remaining in the bulk solution.  
The method was adapted and popularized, for paper industry applications, by Halabisky 
(1977).  Halabisky modified the method such that titrations were carried out in both the 
positive and negative directions, each time adding a known excess of positive or negative 
polyelectrolyte to an aliquot of fiber suspension.  Then, as a means of obtaining a single 
number to represent the system, a ratio was computed from the two endpoint quantities, 
and the log of the “colloid titration ratio” (CTR) was obtained.  Values of the logarithm 
of CTR were often found to correlate well with zeta potential data (Springer and Taggart 
1986; Carrasco et al. 1998).  However, taking a ratio entails some loss of information 
pertaining to the ability of the sample to take up cationic and anionic polyelectrolytes.  
An alternative reporting system and procedure were proposed to avoid such loss of 
information (Hubbe 1979).  More recently, the toluidine blue-O titration method has been 
incorporated into online determinations of cationic demand (Pursiheimo and Thomas 
1998). 
  All of the charge evaluations mentioned so far have been based on an implicit 
assumption of an approximately 1:1 stoichiometry between polymer-bound ionic groups 
and surface-bound ionic groups.  The assumption appears to be reasonably accurate at the 
limit of low ionic strength of the solution and in the absence of significant excess 
polyelectrolyte in the bulk solution (Wågberg et al. 1989; Laine et al. 1996; Koljonen et 
al. 2004; Horvath et al. 2006).  Recently, Mocchiutti and Zanuttini (2005) published an 
elegant analysis of what can be expected when different levels of cationic polymer are 
added to a net-negative sample of papermaking fiber slurry.  Though the initial polymer 
added to the system is expected to lie flat on the surface, higher amounts are expected to 
result in a three-dimensional adsorbed conformation, with loops and tails of 
polyelectrolyte extending outwards from the surface (see Fleer et al. 1993).  The 
predicted deviations from 1:1 stoichiometric interaction between the polyelectrolyte and 
fiber surfaces were consistent with experimental data. 
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WHAT ELECTROKINETIC DATA CAN TELL US ABOUT FIBER SURFACES   
  
  After having discussed various electrokinetic methods, the following question 
remains:  “What can the test data tell us about fiber surfaces?”  As pointed out near the 
beginning of this review, some of the equations most often used in interpreting 
electrokinetic test results appear to be based on unrealistic simplifying assumptions.   
Also, there seem to be some inconsistencies in the data, relative to what we think we 
know about cellulosic fiber surfaces.  This section will take a different approach to these 
issues, making the tacit assumption that various sets of reported electrokinetic data are 
accurate.  Instead, questions will be considered relative to what descriptions of fiber 
surfaces can best account for observed electrokinetic behavior. 
As an example, consider the relative charge densities of cellulosic surfaces, in 
comparison with the charge densities of cationic polymers that are most commonly used 
in charge titration work.  Chen et al. (2004) estimated that the charge density of such 
polymers is about one hundred times higher than the charge density of a cellulosic fiber 
surface, based on the proportion of bound carboxylic acid groups on the latter.   
Nevertheless, these authors detected a one-to-one stoichiometric interaction, based on an 
analysis of released counter-ions on the polyelectrolyte.  It was concluded that the 
polyelectrolyte must be able to interact, somehow, with carboxylate groups within a 
three-dimensional volume, not just at the outer surfaces of the fibers. 
Further evidence that cellulosic surfaces are somehow different from other 
materials that have been studied by electrokinetic methods date back to some of the 
earliest work in which the streaming potential method was applied to papermaking fiber 
suspensions (Briggs 1928; Bull 1934).  Bull found that various different electrokinetic 
methods agreed well with one another when applied to protein-covered substrates.   
However, the methods failed to give consistent results when applied to cellulose.  Briggs 
observed that the magnitude of negative zeta potential of cellulose fibers, as calculated 
from streaming potential measurements, increased with increasing salt concentration, 
reaching a maximum at 0.1M KCl. 
 
Towards More Realistic Descriptions of Cellulosic Surfaces 
Earlier in this article brief mention was made of a “sponge” model for the 
cellulose fiber.  In other words, it was proposed that cationic polyelectrolytes diffusing 
towards a cellulosic fiber surface may gradually continue diffusing into sub-surface 
regions of the fiber.  Such regions may involve, for instance, fibrillation at the fiber 
surfaces or pores within the cell walls.  Such diffusion may account for at least part of the 
observed decay of zeta potentials of cellulosic surfaces freshly treated with cationic 
polyelectrolytes (Strazdins 1977; Penniman 1992; Koethe and Scott 1993; Farley 1997; 
Wang and Hubbe 2002; Hubbe et al. 2006a).  Hostetler and Swanson (1974) confirmed 
the general concept of the mechanism by studying the adsorption of cationic polymers of 
differing molecular mass onto silica gel suspensions of differing known pore size.  Figure 
1 provides a cartoon representation of such a mechanism. 
As shown, if the amount of adsorbed polyelectrolyte is sufficient to reverse the 
inherent negative zeta potential of the cellulosic fiber surfaces, then one expects there to 
be an excess of negatively charged counter-ions, such as chloride or sulfate, adjacent to  
REVIEW ARTICLE                    ncsu.edu/bioresources 
 
 
Hubbe (2006). “Electrokinetic Potential of Fibers,” BioResources 1(1): 116-149  126 
the treated fiber surfaces.  Flow past the freshly-treated surfaces is expected to push some 
of these counter-ions, those which are located in the diffuse parts of electrical double-
layers outside of a plane of shear (Hunter 1987).  The expected result is a positive 
streaming potential.  A decay of streaming potential is expected if the polyelectrolytes are 
able to adsorb into dead-ended pores (see Part B of figure), causing the external surfaces 
to revert to a net-negative condition.   
 
Model of fiber surface
Velocity 
profile
Initial adsorption of 
strongly cationic 
polymers
A.
Counter-
ions
 
Model of fiber surface
After passage of time: 
Pore penetration by 
cationic polymers
B.
Counter-
ions
Velocity 
profile
Fig. 1.  Model of cellulose fiber surface in which pores are considered as being discontinuous, 
open at one end, and sufficiently large to permit diffusion of polyelectrolytes.  Flow past the outer 
surface pushes counter-ions, resulting in an electrokinetic current and potential.  Part A:  Initial 
situation following adsorption of high-charge cationic polymer.  Part B:  After diffusion of polymer 
into pores. 
 
Various authors have considered the effects of loops and tails of macromolecules 
extending outwards from substrates (Jones 1979; Vernhet et al. 1994; Ohshima 1997; 
Bauer et al 1998).  The consensus of such work is that extended macromolecules are 
expected to shift the location of a shear plane further outwards from a surface.  Such 
effects are expected to be important in the case of cellulose fibers, due to the presence of 
fibrils and microfibrils (Pelton 1993; Rojas et al. 1998, 2000; Rojas and Neuman 1999). 
Estimates of the pore sizes within the cell walls of chemically pulped fibers from 
wood were first obtained by a solute exclusion method (Stone and Scallan 1968).  Briefly 
stated, a known mass of never-dried fibers was suspended in a known total amount of 
water with a known amount of dissolved dextrin, having a narrow distribution of 
molecular mass.  Depending on the molecular mass of the polymer, the authors observed 
that the concentration in the bulk solution was higher than would have been expected, 
had the polymer been able to penetrate into all of the pores that were accessible to water.  
Though the results of solute exclusion tests have indicated pore widths of at least 5-20 
nm in the case of sulfite and kraft pulps (Stone and Scallan 1968; Berthold and Salmén), 
it has been pointed out that the initial analysis did not account for excluded volume 
effects, which can result from a restriction in the degrees of freedom of motion of 
dissolved polymer segments when confined to a very small pore (Alince and van de Ven 
1997).  Alince (2002) concluded, based on adsorption experiments with cationic 
polyelectrolytes, that typical pores in kraft fibers have widths of about 100 nm.  The latter 
figure also tended to agree with electron micrographs given in the same article.  
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Further evidence to support a pore-diffusion model, including the model depicted 
in Fig. 1, can be found in the results of various adsorption tests of cationic materials onto 
cellulosic fibers.  For instance, Öhman et al. (1997) observed relatively high apparent 
charge of the fiber surfaces when the analysis was based on pH titrations, i.e. the 
adsorption of H3O
+ ions.  By contrast, analyses based on adsorption of cationic polymers 
yielded lower apparent charge, especially in the case of the highest-mass polymer used as 
probes.  Such results are consistent with the existence of a class of pores that are 
accessible to simple ions, but are too small to allow ready diffusion of the 
polyelectrolytes.  Unfortunately, this type of test result can be questioned due to the 
strong reversal of electrokinetic charge often observed after solid substrates are exposed 
to an excess of high-mass polyelectrolyte (Hoogeveen et al. 1996; Sukhorukov et al. 
1998; Schwarz et al. 1998; Wågberg and Ödberg 2000).  The reversal appears to result 
due to the existence of loops and tails extending towards the solution phase, where they 
are expected to have a dominating effect on the electrostatic interactions of those surfaces 
(Varoqui 1982; Ohshima 1997). 
Though both zeta potential decay and the results of solute exclusion tests can be 
explained in terms of the diagram in Fig. 1, the photographic evidence just cited (Alince 
2002) suggests that it would be more accurate to think in terms of continuous networks of 
pores below the outer surfaces of cellulosic fibers.  Figure 2 shows two kinds of pores 
that ought to be considered in order to account for the electrokinetic behavior of 
cellulosic fibers.  Part A of the figure assumes that the main observable effects arise due 
to flow within layers of fibrils and microfibrils at fiber surfaces.  Such layers may or may 
not be accessible to polyelectrolytes, depending on such factors as molecular mass, time, 
degree of refining of the fibers, and depth of location at the fiber surface.  Part B of the 
figure assumes that the main observable effects arise due to flows within the fiber cell 
walls, and that the electrokinetic contribution of such flow is greater than that of flow 
within fibrillar layers at fiber surfaces.  It is assumed in both parts A and B that the pore 
networks are continuous, at least during the time that the fibers remain wetted and 
swollen with water. 
 
Model of fiber surface
A.
External flow
Flow within 
fibrillar layer
 
B.
External flow
Model of cell wall, 
assuming 
continuous network 
of nanopores
Outer surface
of cellulose fiber
Flow within 
cell wall
Fig. 2.  Two types of continuous pores networks associated with cellulosic fibers.  Part A:  Pore 
network within a layer of fibrils and microfibrils at a fiber surface.  Part B:  Pore network within the 
cell wall of a fiber, especially after chemical pulping to remove lignin. 
  
REVIEW ARTICLE                    ncsu.edu/bioresources 
 
 
Hubbe (2006). “Electrokinetic Potential of Fibers,” BioResources 1(1): 116-149  128 
The degree of fibrillation of fiber surfaces is expected to depend on the degree to 
which the fibers have been refined (Baker 1995).  As noted by Pelton (1993), fibrils can 
range all the way down to molecular dimensions, making it difficult even to define the 
location of a true outer surface of cellulosic fibers.  Given the wide range of sizes of 
different fibrillar elements at the surfaces of refined fibers, it makes sense to expect void 
spaces as large as about 100 µm within a layer of such fibrils.  This estimate is about a 
factor of 1000 larger than what has been estimated for the size of pores in the cell walls 
of chemically pulped fibers.  The lower limit of pore size within a layer of fibrils might 
depend on such factors as packing pressure of a fiber mat, as well as electrical double-
layer forces of repulsion between adjacent fibrils.  Pang and Gray (1998) demonstrated 
that the degree of extension of fibrils outward from fiber surfaces tended to decrease with 
the addition of salt, consistent with the reduced influence of electrostatic repulsion 
between the surfaces.  Forsström et al. (2005) concluded that water within fibrillar layers 
on kraft fibers can account for a substantial fraction of the water remaining with the 
fibers following centrifugation, according to the water retention value (WRV) procedure. 
 
Evidence Based on Fiber Electrical Conductance 
  When considering which of the figures presented so far best accounts for physical 
reality, one of the first types of evidence to consider is the conductivity of wet fibers.  
According to Scallan (1989), wetted fibers are about 20 times more conductive of 
electricity in comparison to a 10
-4 molar salt solution.  As mentioned earlier, various 
authors have used corrections for “surface conductance” of fibers, especially in cases 
where the concentration of salt in the bulk solution was below about 1 to 5 x 10
-4 M 
(Goring and Mason 1950a; Ghosh and Pal 1961; van Wagenen and Andrade 1980; 
Hunter 1987; Revil et al. 1999; van de Ven 1999).  The conductivity of wet fibers is said 
to be too high to be due only to the counter-ions at the outer surface of the fibers (van de 
Ven 1999).  Rather, it would appear that a flow of current passes through the cell wall (as 
in Fig. 2B) or within layers of fibrils at the fiber surfaces (as in Fig. 2A).  In this regard, 
the term “surface conductance” maybe ought to be replaced by a more general term such 
as “conductance of wet fibers.”  Goring and Mason (1950b) discussed a model roughly 
equivalent to Fig. 2A, hypothesizing that cellulosic chains, bearing negatively charged 
groups, were “partially dissolved” at the fiber surfaces. 
 
Evidence based on Effects of Fiber Pad Compression 
  Earlier, when introducing Helmholtz’s (1879) analysis of streaming potential, it 
was mentioned that Helmholtz made two simplifying assumptions.  Not only did he 
assume that the packed materials (including their surfaces) were non-conductive, but he 
also assumed that the double layers were thin relative to the dimensions of the pore 
spaces.  Evidence pertaining to the latter assumption comes from many experiments in 
which streaming potential was evaluated over a range of different pad densities of 
cellulosic fibers.  Pad density was found to have a significant effect on calculated zeta 
potentials (Neale 1946; Goring and Mason 1950b; Chang and Robertson 1967a; Melzer 
1972), though none of the cited studies offered a mechanistic explanation.  Interestingly, 
Briggs (1928) already had observed an effect of applied pressure on zeta potentials  
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calculated from streaming potential data; higher applied pressures of water would be 
expected to have effects similar to that of mechanical compression of a fiber mat.   
  A possible explanation for the observed effects of packing density is proposed as 
follows:  With increasing compression of a fiber pad, the various pores within the pad are 
shifted towards smaller sizes.  Assuming that the condition of the aqueous solution 
remains constant, the ratio of the pore size to the thickness of the ionic double layer is 
shifted.  In the case of very small pores, such as those within the cell wall (rather than 
between adjacent fibers), a decrease in pore diameter would be expected to increase the 
degree of overlap of ionic double layers on adjacent pore surfaces.  A suppression of 
electrokinetic phenomena is expected in such cases (Hunter 1981; Miller et al. 1992; Wan 
1997; Bernabé 1998; Ricq et al. 1998; Revil et al. 1999; Alkafeef et al. 2001).  One way 
to explain the suppression effect is that a double-layer, of the type expected at an outside 
surface, “cannot fit” within the available space.  Equivalently, it is expected that the local 
pH within very narrow pores, at low ionic strength, can be shifted relative to its bulk 
value (Grignon and Scallan 1980; Fält and Wågberg 2003).  A greater proportion of 
carboxylate groups within the pore would be in their protonated, uncharged state.  The 
following expression provides an estimate of the ratio between streaming current within a 
nanopore, versus that of an equivalent unbounded surface (Alkafeef et al. 2001), 
 
  r =  1  -  tanh(κh) / (κh) ,         ( 3 )  
 
where r is the ratio of streaming current in a narrow pore of width h in comparison to the 
streaming current in a pore many times larger than the Debye length κ
-1 corresponding to 
the ionic strength of the flowing aqueous solution.  Figure 3 illustrates the dependency of 
r on the product kh, according to Eq. 3. 
 
κ h
0.0
0.2
0.4
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0.8
1.0
0.01 0.1 1 10 100
r
 
Fig. 3.  Factor r describing relative magnitude of streaming current 
within a small capillary having a thickness of κh, where κ is the 
Debye-Hückel reciprocal length parameter describing the double 
layer thickness.  
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Let’s suppose that the explanation just given is valid, accounting for the observed 
dependency of streaming potential on pad compression.  It does not necessarily follow, 
however, that pores within the cell wall of a fiber provide a continuous passage for the 
flow of liquid, in response to an applied external pressure.  It is alternatively possible that 
a class of extremely small pores exists within the compressed layers of fibrils and 
microfibrils at the fiber surfaces.  These two alternatives are basically the same as was 
represented earlier in Fig. 2.  Tentatively, it is proposed that nano-sized pores exist both 
within the cell wall itself and within fibrillar layers.  At the same time, there may be 
larger pores between adjacent fibers within a mat.   
  Another competing or parallel explanation for the effect of pad compression on 
zeta potential values calculated from streaming potential data involves the conductivity of 
the fibers or of the fiber surfaces (Ghosh and Pal 1961; van Wagenen and Andrade 1980; 
van de Ven 1999; Revil et al. 1999).  There are two ways in which compression of a fiber 
pad can be expected to change the relative contribution of fiber conductance to the net, 
observed streaming potential.  First, by forcing the pore openings to become smaller, on 
average, there is a lower conductance of electricity via the liquid phase.  Second, it might 
be expected that pressing conductive fibers together would facilitate the flow of current 
from one fiber surface to the next.  In support of such a mechanism, Scallan (1989) 
showed increasing conductance with increasing solids contents of fiber pads, especially 
in the case of fibers that were rich in ionic groups.   
 
Evidence Based on Reversible Sign of Streaming Potential 
  A recent study provided further evidence that a continuous network of pores 
exists below the outer surface of cellulosic fibers (Hubbe et al. 2006a).  The experimental 
situation is shown schematically in Fig. 4.   
A. Counter-ions swept 
by external flow External flow
Cell wall pores too small 
for there to be a double 
layer in absence of salt
Cationic 
polymer
 
B. Counter-ions swept 
by external flow External flow
Double layers form 
in presence of salt.
 
Fig. 4.  Model of fiber surface showing contrasting contributions to the sign of streaming potential.  
Part A:  In the absence of salt, most of the electrokinetic signal is expected to come from external 
surfaces, which are accessible to adsorption by high-mass cationic polyelectrolyte; the surfaces 
within nanopores don’t contribute significantly, since there is not enough space to accommodate 
a double layer and the pH is shifted.  Part B:  In the presence of salt the double layers within 
nanopores develop more fully, but the electrokinetic contribution is negative, based on the 
assumption that the polyelectrolytes cannot reach those surfaces.  
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  Before forming the fiber pad, a slurry of bleached hardwood kraft fibers in 10
-4 M 
NaHCO3 was treated with high-mass poly-diallyldimethylammonium chloride (poly-
DADMAC).  The amount of poly-DADMAC was selected so that it was about twice the 
amount needed in order to achieve a neutral streaming potential.  A strongly positive 
streaming potential was observed.  Upon addition of sodium sulfate to the mixture, the 
sign of the observed streaming potential became negative.  Then, by a series of 
dewatering, dilution, and salt addition steps, the fibers were alternated between salt-free 
and salt-containing conditions.  The sign of streaming potential accordingly switched 
back and forth, in a quasi-reversible manner. 
  Referring again to Fig. 4, the reversible switching of sign of streaming potential is 
consistent with the expectation that the electrokinetic contribution of nano-sized pores 
will be suppressed in the absence of salt (Alkafeef et al. 2001).  Then, upon addition of 
salt (part B of figure), the double-layers become compressed.  When the double layers are 
thin, relative to the size of a certain class of pores, then Helmholtz’s (1879) assumptions 
are more closely fulfilled.  Thus, the electrokinetic phenomena within the smallest pores 
begin to approach what would be expected in the case of large pores or adjacent to 
external surfaces exposed to solution.  The situation depicted in Fig. 4 happens to be a 
very effective way of demonstrating this kind of behavior, since the polyelectrolytes are 
expected to be too large to diffuse easily below the outer surfaces of the fibers. 
  Based on the accumulated evidence, it is now possible to form a conceptual 
picture of cellulosic fibers, relative to their interactions with charged polymers.  In 
summary, it appears that fibers have continuous networks of pores below their outer 
surfaces.  At least some of these pores appear to be smaller than about 50 nm, small 
enough that their effect on the observed electrokinetics of the system become suppressed 
when the electrical conductivity is reduced to about 60 µS/cm.  The data also imply that 
the very fine pores can be too small to be efficiently covered by the high-mass poly-
DADMAC molecules, and that they can remain negative in character, even while the 
outer surface of the fibers can become positive, following the adsorption of high-charge 
cationic polymer.  The basic mechanisms were confirmed recently by similar experiments 
with suspensions of silica gel (Hubbe et al. 2006b), a material having more narrowly 
defined pore dimensions. 
 
Pictorial Models 
  Figure 5 shows two ways in which the concepts just described can be reconciled 
with features of cellulosic fibers already discussed in this article.  Part A considers a case 
in which it is assumed that relatively large pores exist between fibers in a compressed 
mat.  It is assumed that any pores in the fibers, existing below the level accessible to 
polyelectrolytes, must be similar in size or smaller than the thickness of the double layer, 
as expressed by the Debye κ
-1 parameter, especially in the absence of added salt.  It is 
reasonable to expect that such nanopores will be present not only within the cell walls, 
but also among microfibrils at fiber surfaces, especially if the latter have become 
mechanically squeezed together.  Though there is evidence that high-mass cationic 
polymers initial adsorb only on the outermost surfaces of kraft fibers (Tatsumi and 
Yamauchi 1997; Hubbe et al. 2006a), there is also evidence suggesting that gradual  
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diffusion into the fiber takes place (Strazdins 1977; Penniman 1992; Koethe and Scott 
1993; Farley 1997; Wang and Hubbe 2002; Hubbe et al. 2006a).  Given the tiny 
dimensions of pores in the cell wall, relative to the size of typical polyelectrolytes used in 
papermaking, it is reasonable to expect that such diffusion is mainly limited to 
penetration below layers of fibrils. 
 
A. B.
Flow in big pore
Adsorbed 
polymers
Porous 
cell wall
Fibrils
Compression
Fig. 5.  Two alternative interpretations to account for reversal of sign of streaming potential upon 
addition or removal of salt from cellulosic fiber suspension treated with high-mass cationic 
polyelectrolyte.  Part A:  Model in which positive streaming potential, in the absence of salt, is 
assumed to arise mainly due to flow in macro-pores past the outer surfaces of the fibers, to which 
the polyelectrolyte is adsorbed.  Electrokinetic effects due to nanopores within the fibrillar layer 
and cell walls are assumed to be significantly suppressed in the absence of salt.  Part B:  Model 
in which it is assumed that large pores are not the main contribution to streaming potential, due to 
compression of the mat.  Polyelectrolytes are assumed to diffuse within the fibrillar layers at the 
fiber surface, but not significantly into the cell wall pores.  In either case, addition of salt is 
expected to increase the relative importance of the electrokinetic effects arising within the smaller 
pores. 
 
  Part B of Fig. 5 shows an alternative interpretation to describe what has been 
learned from the recent experimental work.  In this model it is assumed that the fibers in 
the mat, during an analysis of streaming potential, have been sufficiently compressed so 
that fibrillar layers on adjacent fibers are pushed against one another.  Because streaming 
potential is directly proportional to applied pressure of a fluid, it follows that a majority 
of the electrokinetic signal will arise as the fluid passes through points of greatest  
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resistance within the mat, i.e., fibrillar layers and fiber cell walls, rather than the open 
volumes between such features.  In contrast to the model shown in Part A, one has to 
assume that the pores within the fibrillar layers are mainly accessible to polyelectrolyte 
adsorption, and that their typical size is substantially larger than that within the cell walls.  
These assumptions are needed in order to account for the observed changes in the sign of 
streaming potential, upon addition or removal of salt (Hubbe et al. 2006a).  Because Fig. 
4 presents two possible models, rather than one, it is clear that there is a need for further 
research to be able to answer such questions as whether fibrillar layers or nanopores 
within cell walls tend to have a larger effect on observed electrokinetic effects. 
  
Reappraisal of some Early Data 
Much time has passed since the earliest detailed measurements of the streaming 
potential of pulp fibers (Briggs 1928).  Certain aspects of that study have long remained 
unexplained.  As noted earlier in this review, Briggs observed that zeta potential values 
calculated from the observed streaming potentials first increased in absolute value as the 
salt concentration was increased from zero.  Such a trend is contrary to what would be 
expected based on a simple double-layer concept, involving a planar surface (Hiemenz 
and Rajagopalan 1997).  Two hypotheses to explain those results can be attempted now, 
in light of the concepts presented in Fig. 5.   
First, let us assume that the observed effect was due to the “suppression” of 
electrokinetic effects represented by Eq. (3).  Thus, in the absence of salt, only the flow 
around the fibers, by way of relatively large passages, is expected to contribute 
significantly to the streaming potential.  If that were the only component of flow, then, 
neglecting the conductivity correction, one might use Eq. (1) as an approximation to 
calculate the streaming potential.  However, because the suppression term in Eq. (3) 
needs to be applied to the electrokinetic effect within the tiny pores within the cell wall, 
one expects that the overall effect will be lower in absolute magnitude.  Though the 
direction of the trend is consistent with the observations (Briggs 1928), it is not possible, 
in the absence of detailed knowledge of pore structures, to give a quantitative estimate.  
A detailed analysis would need to include the conductivity correction. 
The explanation just given also can help account for the observation of Fält and 
Wågberg (2003), who observed a maximum in the degree of fiber swelling at a certain 
concentration of salt.  Likewise, Li and Dai (2004) observed increasing water retention of 
bleached eucalyptus pulp upon addition of 0.03 to 0.1% of either NaCl or CaCl2 in 
different cases.  In the absence of salt, the double layers within the smallest pores are 
expected to be strongly suppressed, as already noted, so the expected osmotic pressure 
should be correspondingly weak.  With increased salt, the double layers will have 
sufficient room to become well established, leading to a maximization of the effect.   
Further salt is expected to make the double layers thin relative to the pore dimensions, 
leading to a reduction of swelling effects, as shown in many studies (Grignon and Scallan 
1980; Lindström and Carlsson 1982; Scallan 1983; Fält and Wågberg 2003). 
A second explanation for Briggs’ observation can be based on expected effects of 
fiber electrical conductance.  In the absence of salt, the effect of such conductance can be 
attributed to the presence of counter-ions adjacent to acidic groups within the pore 
structures of fibers.  If one assumes that these groups remain dissociated, regardless of  
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the changes in salt concentration, then it follows that fiber conductivity will contribute 
less and less to the net streaming potential as the salt concentration is raised.  Applying 
Eq. (3), it follows that the calculated zeta potential may increase with increasing salt.  
Further increase in salt is expected to reduce the thickness of the double layer sufficiently 
that a lower proportion of the counter-ions are located outside of the hydrodynamic slip 
plane, so that the calculated zeta potential is expected to decrease as high levels of salt 
are approached.  Though these effects are, once again, in the correct direction to account 
for Briggs’ (1928) observations, a detailed analysis would need to relax the assumption of 
a constant degree of dissociation (Lindgren et al. 2002). 
The foregoing discussion has attempted to deal separately with each of 
Helmholtz’s main assumptions, i.e., non-conducting solids and thin double layers related 
to pores sizes.  When considering the conductance of cellulosic fiber cell walls, however, 
one can combine the two concepts as follows:  At low ionic strength the double layers 
cannot be accommodated within the space of nanopores in the cell walls, and the local pH 
becomes depressed on the nanopore surfaces, relative to the bulk pH.  It follows that the 
counter-ions can be greatly reduced, in comparison to what might be expected based on 
the surface concentration of dissociable groups.  With increasing ionic strength of the 
bulk solution, the double layers become more fully developed, the pH within nanopores 
becomes closer to the bulk pH, and the carboxyl groups within the nanopores become 
more substantially dissociated.  This description is consistent with the observed 
increasing specific conductance of cellulosic fibers with increasing salt concentration, 
within a low concentration range (Scallan 1989).  Likewise, when Chowdiah et al. (1983) 
considered the interpretation of streaming potential data within narrow pores wetted by 
non-aqueous media, they concluded that a correction for conductivity (e.g. Eq. 3), was 
accurate only for pores that are large relative to κ
-1.   For narrower pores, the analysis 
also needed to account for the overlap of double-layers from the adjacent solid surfaces. 
 
Practical Limitations 
  Any detailed discussion of papermaking’s electrokinetic aspects runs the risk of 
neglecting other important factors.  Such factors, which often play a dominant role in 
various papermaking operations, include polymeric bridging attachments, hydrodynamic 
shear forces, and mechanical sieving of fine materials.  Though many practical studies 
have shown strong correlations between electrokinetic measurements and the optimiza-
tion of paper machine operations (Chang and Robertson 1967b; Strazdins 1977, 1980; 
Stratton and Swanson 1981; Kumar et al. 1991; Poppel 1992; Vanderhoek 1994; 
Miyanishi and Montegi 1996), such correlations can be hard to discern when looking at 
routine data from paper mills.   For instance, it has been found that zeta potential has little 
correlation with fines retention in cases where the fiber slurry is formed into paper in the 
presence of high levels of hydrodynamic shear (Horn and Linhart 1991; Stratton and 
Swanson 1981; Stark and Eichinger 1989; Tripattharanan et al. 2004).  In such cases, it is 
necessary to use very high-mass retention aids which possess the capability of physically 
bridging between surfaces in order to achieve high levels of retention. 
  Caution also is needed when considering electrokinetic events within a 
papermaking fiber suspension are dominated by materials in the colloidal phase (Smith 
1992).  In other words, the net charges associated with the fiber surfaces may be  
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insignificant relative to the surface charge contribution of materials that cannot be 
filtered.  In such cases, it makes sense to focus on the cationic demand of the mixture, not 
on the streaming potential of the fibers.  A previous review deals with the selection of the 
most appropriate electrokinetic test to use, depending on the type of sample, and also 
depending on the kind of question that one wants to answer (Hubbe 2000). 
 
  
PATHS FORWARD   
 
Cellulose Characterization 
  When one considers the results of various studies cited in this review, it is clear 
that both theoretical and practical questions remain.  On the theoretical side, although 
there is evidence that pores of different sizes are influencing electrokinetic signals in 
distinct ways, the electrokinetic data alone cannot tell us the location of these pores.  In 
this regard, it would make sense to run experiments in which nanofibrillar material has 
been optionally removed from fiber surfaces by means of enzymes (Jackson et al. 1993; 
Özdil et al. 2003; Buschle-Diller et al. 2005).  Then, matched sets of enzyme-treated and 
untreated fiber suspensions could be treated with sufficient cationic polymer to strongly 
reverse the streaming potential to positive in the absence of salt.  If the tests were to show 
a reversible sign of potential for both types of fiber, then the results would be consistent 
with a significant contribution to electrokinetic signals coming from continuous network 
of pores within the cell wall of fibers.  If, however, the test results were to show 
substantially less reversibility in the case of the enzymatically treated fibers, then the 
results would indicate a substantial contribution of the fibrillar layers to the observed 
electrokinetic effects. 
  As illustrated by some of the studies cited in this article, complementary test 
protocols can be a great help to understand phenomena that are only partially revealed by 
electrokinetic measurements.  As in the work of Tatsumi and Yamauchi (1997), depth 
analysis methods might be used to test some theories regarding the extent to which 
polyelectrolytes of different molecular mass can penetrate either into a fibrillar layer or 
into the cell wall of fibers prepared by different pulping methods.  Adsorption isotherms 
would be a second way to probe differences in accessible surface area before and after 
such processes as refining, enzymatic treatments, and drying of the fibers. 
Another approach to this kind of research might involve mathematical models of 
porosity within packed beds of fibers, and determining whether reasonable models of 
porosity are consistent with expected effects of streaming potential and electro-osmotic 
effects within a network of pores.  In particular, it would be interesting to carry out fluid 
dynamic calculations, finding out the extent to which electro-osmotic effects, induced by 
streaming potential, might cause local flows within nanopores to be in the opposite 
direction from applied external pressure.  The results of a related study suggest that such 
work could yield interesting findings (Erickson and Li 2001). 
  Another type of needed research concerns the conductivity of fibers.  Though the 
word “surface” has been used to describe the type of fiber conductivity that affects 
streaming potential results (Ghosh and Pal 1961), the work cited in the present review 
points in the direction of a three-dimensional effect.  On the one hand, one may picture a  
REVIEW ARTICLE                    ncsu.edu/bioresources 
 
 
Hubbe (2006). “Electrokinetic Potential of Fibers,” BioResources 1(1): 116-149  136 
set of bound carboxylic acid groups existing within a “gel” of hemicellulose or oxidized 
cellulose chains that fill the volume beneath an outermost surface of the fibers (Goring 
and Mason 1950b; Pelton 1993).  Alternatively, one may picture those same kinds of 
charges existing on exposed surfaces within nanopores or larger pores (Stone and Scallan 
1968; Alince and van de Ven 1997).  Since it has been found that some of the 
intermediate to larger pores within cell walls tend to close preferentially when chemically 
pulped cellulosic fibers are dried (Stone and Scallan 1966), it would make sense to 
measure the effects of drying on subsequent fiber conductivity, when the fibers are 
rewetted.  Similar experiments could be carried out on fibers that have been “polished” 
by mild enzymatic treatment (Jackson et al. 1993; Özdil et al. 2003; Buschle-Diller et al. 
2005). 
 
Fiber Modification 
Electrokinetic measurements also have potential for monitoring and control of 
certain chemical modifications of fibers.  In particular, it is well known that cellulosic 
fibers can be treated to increase their negative charge (Waleka 1956; Lindström and 
Carlsson, 1982; Roberts and Tatham, 1992; Laine 1997; Hubbe et al. 1999).  In principle, 
such strategies have the potential to make the fibers more receptive to cationic starch 
(Marton and Marton 1976), ketene dimer size formulations (Isogai et al. 1997), and other 
cationic additives.  Curing reactions of polyamidoamine-epichlorohydrin type wet-
strength agents, in particular, are expected to be enhanced if the fibers are first treated to 
increase their carboxyl group content (Wågberg and Björklund 1993; Espy 1994, 1995; 
Saito and Isogai 2005).  In addition, it has been shown that an enhanced negative charge 
of fiber surfaces can promote inter-fiber bonding (Walecka 1956; Didwania 1969; 
Roberts and Tatham, 1992), even without the addition of cationic polyelectrolytes.   
It would make sense to carry out streaming potential titrations in the absence of 
salt in order to evaluate the net charge of the outermost surfaces of fibers, which had been 
treated in different ways to vary their negative character.  By selection of treatment 
conditions it is possible to direct fiber modification reactions either to the bulk of the 
fiber cell wall or just to the outer exposed surface.  For example, by suspending fibers in 
a non-swelling solvent, chemical derivatization reactions of cellulose mainly are 
excluded from the bulk of the fiber (Ehrnrooth et al. 1977).  By contrast, similar reactions 
in the presence of a swelling solvent resulted in a pervasive reaction, throughout the cell 
wall thickness.  In the case of aqueous phase fiber treatments, the location of chemical 
reaction depends on the fiber’s history of pulping and drying (Barzyk et al. 1997).   
Because a large proportion of the pores in the kraft pulp fiber tend to close irreversibly 
during drying (Stone and Scallan 1966), the penetration of various reagents tends to be 
limited.  Thus, when recycled kraft fibers are chemically treated in the aqueous phase, the 
effects are expected to be more surface-specific, compared to never-dried fibers.  A 
number of studies have shown advantages, such as combinations of increased bonding 
strength and relatively low apparent density resulting from such treatments (Barzyk et al. 
1997).  Streaming potential tests at contrasting salt levels, as described earlier in this 
article could be a powerful way to determine whether the effects of fiber modification 
mainly affect just the outsides of the fibers, or whether the effects of treatment have 
permeated the nanoporous structure of the cell wall.  
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Online Control 
  Automation has become almost an expectation when electrokinetic tests are to be 
applied to modern industrial processes.  In the case of papermaking, it would seem that 
significant information can be obtained by at least three classes of electrokinetic tests, as 
follows: 
Ionic demand:  Streaming current titrations, and their automated applications, 
were already described earlier in this review (see also Hubbe and Chen 2004).  Such tests 
appear to give reliable information about the cationic demand of various aqueous samples 
that contain dissolved polyelectrolytes and colloidal substances.  Despite the fact that 
some of the online streaming current titrating systems can employ automatic filtration of 
fiber slurries, there does not appear to be any publication describing online titration of 
whole furnish suspensions.  To carry out such an analysis, all that is needed is to pretreat 
the fiber suspension with an excess of polyelectrolyte, filter the suspension, and then 
back-titrate an aliquot of the filtrate with polyelectrolyte solution of the opposite charge. 
Zeta potential of fines:  Micro-electrophoresis tests of fiber fines and other 
particulate materials tend to work well in a laboratory setting, but there may be a 
considerable challenge to apply such tests online in paper mills.  Automation itself is not 
the main problem, since laser-Doppler technology can be used to obtain distributions of 
particle velocities almost instantaneously (Sanders 1994; Leiviskää et al. 2005).  The 
contamination of capillary cells is a much more serious issue, especially when one 
considers the high levels of dissolved and colloidal materials present in typical paper 
machine process waters.  However, because the zeta potential of fine materials taken 
from a paper machine system can change rapidly upon storage (Strazdins 1995), there is a 
great need for online testing.  A resurgence in zeta potential analysis of fines would 
appear to be very likely, dependent on development of truly robust micro-electrophoresis 
equipment, not dependent on the use of capillary cells. 
Streaming potential of fibers:  As has already been described, it would appear 
that fiber-pad streaming potential tests can offer considerable advantages in terms of 
online monitoring and control of outcomes related to the fiber surfaces.  The 
measurements are direct, meaning that the electrokinetic events one is detecting take 
place immediately on the fiber surfaces that comprise the greatest part of the mass of dry 
paper.   
Modern automation methods make it increasingly reasonable to consider a wide 
range of analytical procedures, not limited to conventional titrations or straightforward 
measurements of streaming potential.  For instance, one could envision a device that 
automatically carries out streaming potential titrations at two or more defined levels of 
solution conductivity.  Laboratory results from this kind of testing suggest that the low-
conductivity tests would provide a much more accurate means of optimizing paper 
machine systems to maximize drainage rates and improve the efficiency of retention 
(Hubbe et al. 2006a).  In adopting such a practice, papermakers would be asked to violate 
a long-standing taboo against carrying out tests in deionized water.  For instance, it does 
not make sense to evaluate retention aids or other wet-end additives in the absence of salt, 
since such experimental results are less likely to predict the performance of those 
additives on the paper machine, where salts are present.  But in cases where one is  
REVIEW ARTICLE                    ncsu.edu/bioresources 
 
 
Hubbe (2006). “Electrokinetic Potential of Fibers,” BioResources 1(1): 116-149  138 
primarily interested optimizing the performance of a paper machine, there is an incentive 
to try something unconventional.  The required procedure requires initial filtration of 
fiber slurry samples, followed by dilution with salt-free solution, followed by evaluation 
of streaming potential. By this means the influence of subsurface nanopores can be 
selectively excluded, making it possible to sense charge effects due to the outermost 
surfaces of fibers. 
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